Abstract. The microstructure of ternary Al 3 (Sc 1-y RE y ) intermetallic compounds (where RE is one of the rare-earth elements La, Ce, Nd, Sm, Eu, Yb or Lu), was investigated as a function of RE concentration for 0<y≤0.75. Alloys with La, Ce, Nd, Sm or Eu additions consist of a L1 2 phase containing a dendritic second phase with D0 19 (La, Ce, Nd, Sm) or C11 b (Eu) structure. Alloys with Yb or Lu additions show a single L1 2 phase. The RE solubility limits at 1373 K in the L1 2 -Al 3 (Sc 1-y RE y ) phase are very low for La, Nd, Ce and Eu (0.08-0.41 at.% or y=0.0032-0.0164), low for Sm (3.22 at.% or y=0.1288) and complete for Yb and Lu. The lattice parameter of the L1 2 solid-solution increases linearly with RE concentration and the magnitude of this effect is correlated with the atomic size mismatch between Sc and the RE elements. The Vickers micro-hardness of the L1 2 solid-solution increases linearly with increasing RE concentration.
Introduction
Scandium trialuminide, Al 3 Sc, is of interest because of its low density (3.03 Mg m -3 ), relatively high melting point (1593 K) and potentially useful high-temperature strength. Al 3 Sc has the cubic L1 2 structure which is expected to show enhanced ductility, because of the high crystallographic symmetry and thus, the high number of possible slip systems. Despite its L1 2 structure, polycrystalline Al 3 Sc is brittle at room temperature [1] . Partial substitution of Sc by other elements may increase the ductility of Al 3 Sc and also decrease the cost of the alloy. However, very little is known about the alloying behavior of Al 3 Sc, with the exception of a recent study investigating the solubility limit of the transition metals (TM) Y, Ti, Zr, Hf, V, Nb and Ta [2] . It was found that solid-solution strengthened Al 3 (Sc 1-y TM y ) showed improved creep properties as compared to binary Al 3 Sc [3] . The alloying behavior of Al 3 Sc is also important for the rational design of Sc-containing aluminum alloys, in which small volume fractions of coherent Al 3 Sc particles are precipitated [4] . In multi-component alloys, these Al 3 Sc precipitates often contain other alloying elements in solid-solution [5] , which can improve the strength and coarsening resistance of the precipitates. One study indeed exists, showing that Gd, Ho and Er added to Al-Sc alloys lead to increase hardness [6] . In the present study, the microstructure and hardness of ternary Al 3 (Sc 1-y RE y ), where scandium is replaced substitutionally by seven rare-earth elements (La, Ce, Nd, Sm, Eu, Yb, Lu), is investigated as a function of alloying element concentration for 0<y≤0.75. or Nd, y=0.1, 0.25 and 0.5 for RE=La, Sm or Eu, and y=0.25, 0.50 and 0.75 for RE=Yb or Lu. The resulting ingots showed a weight loss under 1 % as compared with the initial charge. Finally, the ingots were homogenized in argon for 24 hours at 1373 K for La, Ce, Nd, Sm, Eu and Lu, or 96 hours at 1123 K for Yb.
Metallographic preparation consisted of mounting and polishing with SiC paper and 0.05 µm Al 2 O 3 . Energy dispersive X-ray spectroscopy (EDS) and scanning electron microscopy (SEM) were then performed to obtain the compositions of the bulk samples and individual phases. Portions of the homogenized ingots were pulverized and the resulting powders, sieved to less than 250 mesh size (75 µm), were analyzed by X-ray diffraction (XRD) using Cu-Kα radiation. Lattice parameters were calculated by the least-squares method using the JADE program (Rigaku, Tokyo). After polishing, the Vickers micro-hardness of the L1 2 matrix phase was measured using a 200 g load and an indentation time of 10 sec, with the average of 5 measurements reported.
Results and Discussion
Microstructure. The binary Al 3 Sc was found by X-ray diffraction to have the L1 2 structure with a lattice parameter a = 4.103(1) Å, with previous results [2] . The bulk composition was 74.8 at.% Al -25.2 at.% Sc as measured by wet chemical analysis and this value was used to calibrate the EDS detector [2] . porosities, formed during homogenization of the as-cast structure. Fig. 2 shows typical X-ray diffraction patterns of Al 3 (Sc 1-y RE y ) with RE=Yb, Sm or La. The X-ray diffraction patterns evolve with increasing ternary RE concentrations, in agreement with the metallographic (Fig. 1 ) and EDS observations (Table 1 ). For Yb additions ( Fig. 2(a) ), the Bragg peaks of the L1 2 phase are shifted to lower angles with increasing Yb content. For y = 0.25, only the L1 2 phase with Al 3 Sc composition is present, while for y = 0.50 and 0.75, the L1 2 phase with Al 3 Yb composition is formed (see peak 221, 310). It is clear that this system shows complete solubility over the composition range studied. In the cases of Lu, we find similarly complete solubility. For Sm additions (Fig. 2(b) increasing Sm content. For y = 0.1 and 0.25, only the L1 2 Al 3 Sc phase is found, while for y = 0.50, the D0 19 Al 3 Sm phase is also visible in the spectra. For all La additions (Fig. 2(c) [7] . Furthermore, Table 1 lists the composition of the L1 2 -Al 3 Sc phase measured by EDS as a function of the RE concentration. The lattice constant of the L1 2 phase increases with increasing Nd, Sm, Yb or Lu concentrations, but remain near constant with increasing La, Ce or Eu concentrations. For the Al 3 (Sc, Yb) and Al 3 (Sc, Lu) alloys, a decrease in Sc content in the L1 2 phase is compensated for by an increase Yb or Lu concentration, while the Al concentration remains constant. We conclude that Yb and Lu replace Sc in the L1 2 phase and make a complete L1 2 solid-solution. In the case of Sm, the lattice constant of the L1 2 phase increases with Sm addition for y=0.1 and 0.25, but the effect becomes less for y=0.5. The L1 2 phase exhibits a decrease in Sc content which is again nearly compensated for by an increase in Sm content, with the Al content remaining constant. As shown in Fig. 1(d) and 2(b) , the D0 19 phase appears already at the lowest Sm concentration (y = 0.1). This suggests that both the L1 2 and D0 19 phases have a low solubility limit for ternary elements: 3.22 [9] . These previous results and the present ones indicate that the solid solubility in the L1 2 phase varies systematically with the location of the rare-earth element in the periodic table. The late RE (Dy, Ho, Er, Tm, Yb and Lu) have a larger solid solubility in Al 3 Sc than the early RE (La, Ce, Nd, Sm, Eu or Gd). The late RE are thus good alloying elements candidates to replace substitutionally Sc in L1 2 ternary Al 3 (Sc, RE) trialuminides. Lattice Parameter as a Function of the Rare-Earth Elements. Figure 3 show the relationship between the concentration of various Re in the L1 2 phase (as measured by EDS) and the lattice parameter of the L1 2 phase (as measured by XRD), together with previous data for RE=Gd, Tb, Dy, Ho, Er [9] and Tm [10] . As shown in these figures, there is a linear relationship between lattice parameter and concentration. For the low-solubility early RE (La, Ce Eu and Nd), it is difficult to quantify the effect, but the concentration dependence of the L1 2 lattice parameter seems to be low, and similarto that for Sm (Fig. 3(b) ). As shown in Fig. 3(b) , the L1 2 lattice parameter for Yb or Lu addition increases linearly with an increasing ternary concentration, similar to previous data for the late RE (Gd, Tb, Dy, Ho, Er [9] and Tm [10] ).
From the linear relationship between concentration and lattice parameter of the solid-solution L1 2 phase (Fig. 3) , a best-fit slope, da/dc, is determined. Fig. 4 shows that this slope, i.e. the composition dependence of L1 2 lattice parameter together wtih the previously-determined slopes for transition-metals additions [2] , correlates reasonably well with the relative atomic radius mismatch,
, where R is the metallic hard-sphere radius from Ref. [11] (no significant 
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difference was found in the correlation when ionic Pauling's radii were used). A similar correlation was found by Yamamoto et al. [12] for the L1 2 quaternary phase {(AlMn) 3 Ti} (1-n) X n , where X is =Zr, V, Ag or, Ga. This correlation can be understood in terms of the size mismatch associated with the replacement of solvent atoms with solute atoms causing a distortion of the lattice. The resulting strain field may allow solute atoms to interact strongly with dislocations, thus affecting the strength of the solid solution, as discussed in the following section.
Micro-Hardness as a Function of the Rare-Earth Elements. The Vickers micro-hardness of binary Al 3 Sc was found to be 121 HV [2] . This value is very close to the value (111 HV) reported by Nic et al. [13] . but lower than the value (140 HV) reported by Schneibel et al. [14] for drop-cast Al 3 Sc. Fig.  5 shows the micro-hardness of alloyed Al 3 Sc as a function of the RE concentration in the ternary L1 2 phase (as obtained by EDS). In Fig. 5(a) , the hardness increase for the early RE is modest for Ce, Nd, Eu or Sm, as expected from their low solubility in the L1 2 phase. A much larger hardening effect is associated with La, despite its similarly low solubility: the hardest L1 2 composition Al 3 (Sc 0.9952 La 0.0048 ) is more than three times as hard as binary Al 3 Sc. However, the presence of finely-dispersed D0 19 -Al 3 La within the L1 2 phase may be the reason for this anomalous hardness increase. Finally, as shown in Fig. 5(b) , the late RE Yb and Lu, with complete solubility in Al3Sc, show a linear hardness increase with RE content, with hardness doubling from Al 3 Sc to Al 3 (Sc 0.25 RE 0.75 ).
In an earlier paper [3] , we investigated the compressive creep behavior for Al 3 (Sc 0.74 TM 0.26 ), where TM is one of the transition-metal of Ti, Y, Zr or, Hf. At 873 K, a decrease in creep rates of one order of magnitude was found for Zr and Hf, and two orders of magnitude for Ti and Y. These trends were in reasonably good agreement with the room temperature hardness of the alloys. The exact mechanism responsible for solid-solution strengthening at ambiant and elevated temperatures must await precise observations of dislocations in indented or compressively-deformed specimens, as many factors may be operating, e.g., interaction of solute atoms with vacancies and dislocation jogs, segregation on stacking faults and increase of the Peierls stress. Based on the present hardness measurements, the addition of Sm, Yb or Lu to Al 3 Sc can be expected to improve the creep resistance of the ternary intermetallic.
Summary
The microstructure of the ternary trialuminide Al 3 (Sc 1-y RE y ) -where RE is one of the rare-earth elements La, Ce, Nd, Sm, Eu, Yb, Lu -was investigated as a function of concentration in the range 0< y≤0.75. Cast alloys with La, Ce, Nd, Sm or Eu additions exhibit a microstructure consisting of a L1 2 
